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Study  region:  Bavaria,  Germany.
Study  focus:  The  Altmühl  River  is  prone  to nutrient  inputs  from
agricultural activities.  Quantifying  nitrate  nitrogen  (NO3−-N) and
total  phosphorus  (TP)  concentrations  due  to potential  future
changes in the  watershed  is necessary  for managing  water  quality
and adhering  to water  policy  directives.  The  Soil  and  Water  Assess-
ment Tool  (SWAT)  was  used  to  provide  stakeholders  with  support
in  determining  the  impacts  of  climate  change  (CC)  in combination
with crop  land  use  change  (LUC)  scenarios  on  streamﬂow,  NO3−-N
and  TP to  the 2050  time  horizon.  The  CC  simulations  stemmed  from
RCMs  and  the  LUC scenarios  were  developed  with  stakeholders.
New  hydrological  insights  for  the  region:  When  CC  was  com-
bined with LUC,  mean  annual  NO3−-N  loads  increased  3-fold,  and  TP
loads  8-fold,  compared  to the  CC  simulations  alone.  Nutrient  loads
were  higher  in several  months  due  to the future  increased  annual
precipitation  plus  the  additional  fertilizer  input  in the  land  use  sce-
narios.  The  maize  areas  above  the  Altmühl  Lake  contributed  greatly
to  TP  loads,  while  winter  wheat  areas  mainly  contributed  to  NO3−-N
loads.  When  CC was  combined  with  LUC,  the in-stream  nutri-
ent concentrations  exceeded  ministerial  guidelines  of  11  mg  TP/L
and 0.05  mgNO3−-N/L  every  month  at the  outlet.  CC simulations
combined  with  LUC  scenarios  demonstrated  non-linear  dynamics
whereby  the direction  and  the  magnitude  of  impacts  were  not  pre-
dictable  from  the  individual  changes  alone.
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1. Introduction
Protecting and restoring aquatic ecosystems is a priority in Europe that has been formalized by
the European Water Framework Directive (2000/60/EC) (EC, 2000). The Water Framework Directive
(WFD) aims to maintain and improve the aquatic environment partly by ensuring a good water quality
status through the implementation of river basin management plans (RBMPs). A recent report by the
European Commission (EC, 2012) indicated that over 90% of RBMPs mentioned agriculture to be a
signiﬁcant pressure in their basin by contributing, for example, to excess organic matter, nutrients
and pesticides. Farm management practices are an integral part of RBMPs because numerous ﬁeld
operations, such as fertilizer management, can address non-point source pollution (Cherry et al., 2008).
In basins where agricultural activities dominate, it is common for the quality of water to be com-
promised (Green et al., 2014; Patoine et al., 2012; Volk et al., 2009). For example, in Denmark, Nielsen
et al. (2012) found a high correlation between the amount of agricultural land and the total nitrogen
(N) and total phosphorus (TP) concentrations in adjacent lakes. Donner (2003) determined the area of
maize in the U.S. to be strongly correlated to N loads, and to a lesser extent to phosphorus (P).
The mineral forms of N that are most readily available for plant uptake are nitrate (NO3−) and
ammonium (NH4+) (Batlle-Aguilar et al., 2011) and therefore these are commonly applied as fertilizer
ammendements. When soil temperatures exceed 5 ◦C, NH4+ is readily adsorbed onto clay minerals
or assimilated by microorganism and plants, or it is transformed into ammonia gas (NH3), therefore
NH4+ is not prone to movement. Nitrate on the other hand is highly soluble and easily transported by
hydrological ﬂow pathways such as leaching, throughﬂow or deep percolation (Lapp et al., 1998).
Phosphorus is another essential plant macronutrient which is often not present in sufﬁcient avail-
able forms in the soil for optimum crop growth requirements. In the soil, P combines with other ions
to form insoluble compounds that can precipitate out of solution. This characteristic allows P to be
available for transport, primarily by surface runoff (Michaud and Laverdière, 2004). Soluble forms of P
that are plant available are the inorganic forms known as orthophosphates (H2PO4− or HPO42−). These
forms are mobile, and can be transported by diffusion or by surface water ﬂow into ﬁeld drains, but
they are easily adsorbed to clay particles or immobilized by organic matter and therefore are limited
to the upper soil layers (Hillel, 1982).
Surface water quality can be improved through implementing “best” agricultural practices, as
demonstrated by research in Bavaria (Germany) where agricultural ﬁeld practices were switched from
being intensive to sustainable (including intercropping, hedges, terraces, retention basins, buffer strips
and changing arable land to fallow). These reduced N loads by up to 50% and phosphate loads by up to
25% in the adjacent stream after 4 years (Honisch et al., 2002). However, cleanup efforts at the larger
scale may  only show results after a few decades. A study examining NO3− and NO2− changes in Iowa
(U.S.) from 1970 to 2012 suggested long-term N transport in watersheds due to fertilizer inputs on
maize (Green et al., 2014).
Since agricultural land can have such a variety of effects on water quality, investigating potential
land use and management changes in a basin is necessary to achieve the WFD  objectives which will
be evaluated during planning cycles ending in 2015, 2021 and 2027.
Land use evolves continuously; in Western Europe, the two  greatest changes from 1950 to 2010
were the conversion of grassland to forest, as well as the transition of cropland to grassland (Fuchs
et al., 2013). In Europe, agricultural land has decreased in overall area, yet at the sub-regional level
disparities exist. For example, in Upper Franconia (Germany) the tilled areas since 1960 have increased
at the expense of wooded areas due to arable land being in high demand; mostly because crop farms
needed to expand to maintain economic viability. Concurrently, farming was intensiﬁed on productive
land, driven by specialized livestock farming (Bender et al., 2005). The intensiﬁcation of agriculture
appears in several projections of land use for Germany (e.g. Henseler et al., 2008). Germany’s energy
transition policy that aims to increase the amount of renewable energy sources will also be a strong
driver to increase biomass for biofuel production on agricultural land (Schorling et al., 2014).
At the same time, climate change will affect crop growth and bring changes to the growing sea-
son. In Germany, from 1959 to 2009, mean monthly temperatures during the oat growing season
(March–August) increased by approximately 0.3 ◦C per decade (Siebert and Ewert, 2012). The ﬂow-
ering and maturity of cereals in Europe by 2040 are projected to advance by 1–3 weeks (the greatest
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changes were simulated for grain maize and smallest changes for winter wheat) (Olesen et al., 2012).
Farmers may  adjust to future climate shifts and advantageous temperatures by diversifying their crops,
planting new cultivars, applying new management strategies (such as irrigation), adjusting planting
dates or expanding their farming activities (Mehdi, 2014; Olesen et al., 2011; Reidsma et al., 2010).
Implementing such types of adaptation strategies have been shown to lead to an increase in crop
yields under a warmer climate (Challinor et al., 2014). Increased amounts of fertilizer will be required
to grow some crops for a longer period (Brassard and Singh, 2008) which may  amplify the transport
of nutrients toward water bodies. Nutrient transportation may  be especially prone to occur with the
increased risk of more intense precipitation events in the future, such as those simulated for Germany
(Tomassini and Jacob, 2009). In ﬁeld experiments, losses of N and P were determined to be positively
correlated with rainfall intensity as well as the antecedent soil moisture content (Liu et al., 2014).
The extent to which water quality in a region will be affected by concurrent changes (i.e. climate and
land use) is especially of interest for managing water resources. To determine the degree of impacts
of future climates combined with land use change, hydrological simulation models are required to
explore these inﬂuences on surface water quality. Simulation studies have shown that when the vege-
tation cover is strongly altered, signiﬁcant impacts to important hydrological processes such as surface
runoff, inﬁltration or evaporation can occur that may  be exacerbated by future climate simulations
(Park et al., 2011; Pervez and Henebry, 2015; Pﬁster et al., 2004; Qi et al., 2009; Wang et al., 2008,
2013).
Tu (2009) found that simulated streamﬂow in eastern Massachusetts (U.S.) was  more sensitive
to climate change than to extrapolated trends of historic land use change (mainly converting forest
to urban land), whereas the mean monthly N loads were sensitive to both climate and to land use
changes; and the N increases were highest when both impacts were considered in tandem. In the Lit-
tle Miami  River basin (U.S.), the wettest climate scenario caused mean daily nutrient concentrations
to increase more than the driest climate scenario when agricultural land was increased; TP concentra-
tions increased >20%, and N concentrations increased >11%. Land use change scenarios alone increased
TP by 4% and N concentrations by 3% (Tong et al., 2012).
Climate change shifts the magnitude of N and P loads that stem from land use activities. In south-
eastern Pennsylvania (U.S.), Chang (2004) determined climate change to increase the simulated N and
P loads due to increasing precipitation amounts, whereby expanding urban areas increased N and P
loads more than agricultural land use expansion did, and increasing the forested areas decreased the
N loads. In a watershed in China, Wu et al. (2012) determined that the impacts of climate change were
greater than the impacts of higher livestock density on increasing N and P loads.
In most simulation studies, climate change impacted N and P loads to a greater extent than the land
use changes. However, the impacts depended on the type and degree of land use change considered.
Sometimes the inﬂuence was equal, for example in an intensively agricultural watershed in Ontario
(Canada) when cropland was simulated to increase, climate change contributed to increased organic
and mineral P loads in approximately equal quantities as the land use changes (El-Khoury et al., 2015).
The objective of this study is to undertake a modeling experiment to provide stakeholder support in
order to assess the magnitude of climate change alone, and then combined with crop land use change
on streamﬂow, total phosphorus and nitrate nitrogen in a predominantly agricultural watershed. The
crop land use change scenarios were speciﬁcally designed in collaboration with local and regional
stakeholders. The Altmühl basin in Bavaria, Germany was chosen for this research because the river and
the lake (an artiﬁcial ﬂood retention reservoir) are challenged with nutrient inputs from agricultural
activities. In response to several recent cyanobacteria algae blooms in the lake, the stakeholders from
the regional Water Management Authority (WWA-Ansbach) and from the Bavarian State Ofﬁce for
the Environment (BLfU) were keen to determine the vulnerability of the Altmühl River to nitrate and
phosphorus inputs in order to: (a) quantify the impacts of climate change and (b) establish whether
land use changes require consideration in order to manage the quality of the river and lake with respect
to the WFD.
This study differs from previous research examining combined climate and land use change impacts
on hydrology because it focuses on the agricultural land use; speciﬁc crop changes are established to
provide detailed, spatially distributed scenarios of 13 crop types for the next 30 years. Three land use
scenarios were developed with stakeholders (as per Rounsevell and Metzger, 2010). The purpose of
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scenarios was not to explicitly predict the future but rather to explore possible agricultural transitions.
Finally, nitrate and phosphorus transport from the land, as well as the repercussions on in-stream
concentrations are examined.
A hydrological modeling framework was  integrated with several climatic and land use simulations.
The climate and land use data sets included both historic (reference) and future (simulated) conditions.
The impacts of the climate simulations and the land use scenarios were analyzed on monthly averages
of the 30 years of simulation to determine the impacts to the 2050 horizon. For the stakeholders and
water resource managers, quantifying the magnitude of the combined impacts that can be expected
provided support for watershed management strategies that accounted for a comprehensive range of
potential changes.
2. Methods
2.1. Site description
The Altmühl River is located in Bavaria, Germany. The agriculturally dominant part of the Altmühl
basin was examined, which comprises 130 km of river, from its source to the outlet gauge in Treuchtlin-
gen; this encompasses a total basin area of 980 km2 (Fig. 1). The rural districts in the watershed are
Fig. 1. Altmühl watershed with 17 subbasins and the 2008 land use (reference simulation set-up). The outlet gauge in Treuchtlin-
gen  is located at 10◦54′48.91′′ E, 48◦57′11.31′′ N.
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Weissenburg-Gunzenhausen and Ansbach, including Ansbach city. The elevation ranges from 406 m
at the gauge, to 660 m in the north. The soils in the upper part of the basin are mainly loamy clay and
loamy gravelly sand, with pockets of gravelly sand. Located along the ﬂoodplain, below the Altmühl
Lake are mainly clayey silt soils. Near the outlet, clay loam soils are predominant, with a few areas of
Karst in the southwestern tip of the basin. The land use in the watershed is primarily agricultural (56%)
and forest (39%). The 2008 crop land use map  provided by the Bavarian State Ofﬁce for Agriculture
(depicted in Fig. 1) shows 23% (22,331 ha) of the watershed is planted to cereals (mainly winter- and
summer-wheat), 20% (20,900 ha) is pasture, 8% (8236 ha) is maize, 3% (2788 ha) is oilseeds (mainly
rapeseed), 3% is (2847 ha) urban, 1.4% (1136 ha) is natural grassland, 1.2% (1269 ha) is legumes, and
0.6% (342 ha) is tuber crops (mostly potatoes).
In the rural district Weissenburg-Gunzenhausen, 55% of farmers are livestock producers (mostly
cattle and swine), 28% are crop farmers (mostly cereals and maize; on 26% and 19% of the agri-
cultural area, respectively), and 16% are mixed farmers (BLfSD unpublished data available from
www.statistik.bayern.de; and AELF unpublished data available from www.aelf-wb.bayern.de).
Precipitation and temperature measurements from 1961 to 1990 show the watershed to receive
approximately 700 mm of annual precipitation (46 mm is snowfall); actual evaporation comprises
475 mm,  and runoff is 175 mm (BLfW, 1996); the remaining 50 mm are presumabaly subsurface water
drainage, which is relatively high due to the Karst landscape in the south of the watershed (beginning
of the Franconian low mountains). The ﬂow regime of the Altmühl River is perennial with peak ﬂows
occurring in spring (February–March) caused by snowmelt and saturated soil conditions. Low ﬂows
occur in August to October due to high evapotranspiration (ET), lower soil moisture contents and
low base ﬂow. The average annual ﬂow (1941–2008) at the Treuchtlingen gauge is 5.73 m3/s, with a
ﬂow range of 0.28–183 m3/s (BLfU, 2012 “Hochwassernachrichtendienst”  unpublished data available
from www.hnd.bayern.de). The historic ﬂow was stationary. The Altmühl Lake (4.5 km2) located in
the center of the basin is an artiﬁcial reservoir (built from 1976 to 1984; in operation since 1985),
with a ring dam surrounding it. Hence, the lake is shallow and <4 m deep (average 2.5 m).  The lake
also functions as a reservoir to divert water into the neighboring Brombach Lake and watershed.
According to the European WFD  criteria, the overall ecological status of a surface water body can be
classiﬁed into 5 categories: high, good, moderate, poor and bad (EC, 2005). The ecological status of the
Altmühl River is considered to be “moderate” and the majority of its tributaries are of “poor” status.
The Altmühl Lake also has an ecological status ranked as “poor” (BLfU, 2008 “Kartendienst Gewässer-
bewirtschaftung Bayern” unpublished data available from www.bis.bayern.de). The water quality that
is strived for, set by the regulation on the protection of surface waters by the German Federal Ministry
of Justice (“Verordnung zum Schutz der Oberﬂächengewässer”)  is <0.05 mg/L for TP and <50 mg/L for
nitrate (NO3−); or <11 mg/L nitrate-nitrogen (NO3−-N).
The main water quality challenges in the watershed are related to non-point source pollution
due to elevated P levels; TP concentrations are 0.3 and 0.2 mg/L in the river and lake, respectively
(BLfU, 2013 “Gewässerkundlicher Dienst Bayern” unpublished data available from www.gkd.bayern.de).
Total phosphorus has been linked to cyanobacteria outbreaks in the lake (Schrenk-Bergt et al., 2004).
Since 1982, water quality improvements in the Altmühl River have taken place (from 0.9 mg/L to
0.3 mg/L TP) due to upgrades on water treatment plants and storm water treatment facilities as well
as environmental regulations introduced (i.e. limiting phosphates contained in detergents). Also, from
1990 to 1996, measures were undertaken to reduce surface runoff on more than 450 ha, such as
planting hedges, ﬁeld buffer strips, and stream bank re-vegetation along 200 km (BMLU, 2002).
2.2. Future climate change simulations
An ensemble of regional climate model (RCM) data was  available for this research; seven simu-
lations, also applied in the QBIC3 (Québec-Bavarian International Collaboration on Climate Change)
project (Velázquez et al., 2013), were used. Each RCM simulation was  driven by a coupled general
circulation model (GCM) for the time period 2041–2070, with one of two  SRES scenarios (Table 1). In
total, seven coherent sets of climate variables of temperature, precipitation, relative humidity, solar
radiation and wind speed were available to drive the hydrological model. This ensemble of climate
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Table 1
Climate model simulations considered in this study. All simulations are bias corrected.
RCMa Driving GCMb SRES Grid size (km) Name of simulation
RCA BCM A1B 50 RCA-BCM-50K
RCA  ECHAM5-r3 A1B 50 RCA-ECM-50K
RCA  HadCM3Q3 A1B 50 RCA-HCM-50K
RACMO2 ECHAM5-r1 A1B 50 RAC-ECM-MB1-50K
RACMO2 ECHAM5-r2 A1B 50 RAC-ECM-MB2-50K
RACMO2 ECHAM5-r3 A1B 50 RAC-ECM-MB3-50K
CRCM  4.2.3 CGCM3 A2 45 CRC-CGC-45K
a Rossby Centre Regional Atmospheric Climate Model (RCA), Regional Atmospheric Climate Model (RACMO), Canadian
Regional Climate Model (CRCM).
b Driving global climate models: Bergen Climate Model (BCM), ECHAM version 5 (members 1, 2 and 3), Hadley Center Coupled
Model  (HadCM3), and Canadian General Circulation Model (CGCM).
models was chosen to represent a broad spectrum of future predictions of climate (as per Harvey et al.,
1997).
The global climate models were based on projections using A2 or A1B SRES greenhouse gas sce-
narios (Nakicenovic et al., 2000). Both SRES scenarios represent the upper levels of greenhouse gas
contributions because measured CO2 atmospheric concentrations have already surpassed 400 ppm
(Monastersky, 2013); in 1990 average global concentrations were at 354 ppm (NOAA ESRL unpublished
data available from www.esrl.noaa.gov).
The temperature for each member of the ensemble was bias-corrected using a monthly correction
factor based on the difference between the ensemble-mean of the 30-year mean monthly minimum
and maximum air temperature and the 30-year monthly means of the daily-observed minimum and
maximum air temperature. Similarly, a bias-correction for precipitation was applied using the local
intensity scaling method (Schmidli et al., 2006) which adjusts average monthly wet-day frequency and
intensity (using a wet-day precipitation threshold of 1 mm).  Finally, using statistical algorithms the
RCM meteorological outputs (including the uncorrected variables of relative humidity, solar radiation
and wind speed) were scaled from the RCM grid scale to a ﬁner grid scale resolution of 1 km × 1 km
with the scaling tool SCALMET (Marke, 2008) using topography as the main predictor for small-scale
patterns. SCALMET preserves energy and mass at the scale of the RCM grid and has been used to
overcome the scale gap between the atmospheric models and hydrological models for investigating
climate change impacts (e.g. Prasch et al., 2013; Zabel and Mauser, 2013). More detailed explanations
of the climate change simulations and their post-processing is provided in Muerth et al. (2013).
2.3. Future land use change scenarios
In Bavaria, in the 1970s and 1980s, farm sizes of 10–20 ha dominated the landscape. In the 1990s,
a gradual transition to 30–40 ha size farms occurred, and in the early 2000s, a leap to larger scale
farming took place to remain economically viable. Most of the farmland today belongs to farms whose
average size is 50–75 ha and the crops grown consist mainly of maize and cereals. In the past, a greater
variety of crops were seeded, including potatoes, beets, clover, beans and peas.
In conjunction with farmers and local stakeholders, three potential trajectories of agricultural
change for the next 30 years were developed for the watershed. Drivers of land use change (LUC)
are distinctive inﬂuences affecting either a change in the spatial distribution of the crop, or a signiﬁ-
cant change in the total area allocated to a speciﬁc crop. To help to assess the current and future driving
factors of crop land use change, a questionnaire was administered to active farmers living in the water-
shed as well as to agricultural students enrolled in a farming program in a professional agricultural
college located in the region. All of the students were living and/or working on farms and were there-
fore considered to be active farmers. The questionnaire was  compiled by the authors, together with
several local stakeholders in the watershed: the Bavarian State Ofﬁce for Agriculture (BLfL); Bavar-
ian State Ofﬁce for the Environment (BLfU); Administrative Ofﬁce for Food, Agriculture and Forest
(AELF) in Ansbach; Water Management Authority (WWA)  in Ansbach; and the Farmer’s Union (BV)
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in Weissenburg-Gunzenhausen. A literature review of the relevant policies in the region, such as the
Common Agricultural Policy (CAP), the Cultural Landscape Program (KULAP) and the European WFD
was conducted to determine further drivers of potential agricultural change.
Based on the information gathered, a total of three LUC scenarios were developed with justiﬁable
storylines using a participatory approach (Rounsevell and Metzger, 2010) whereby each scenario was
validated during meetings held with the stakeholders.
2.3.1. Business as usual (BAU)
The BAU storyline assumed that the current land use trends continue. Regional district statistics
of Ansbach and Weissenburg-Gunzenhausen (Bavarian State Ofﬁce for Statistics; BLSD) from 1980 to
2010 showed an overall increase of 12% from the baseline population 281,173; however from 2004 to
2009 the population declined by 2%.
From 1980 to 2010, forest and urban areas increased by 0.4% (1224 ha) and 3.3% (9940 ha), respec-
tively. The total overall agricultural area in the rural districts decreased by 4.6% (14,080 ha), however,
in the period of 2007–2009 the arable area augmented by 6500 ha.
Detailed crop information available from 1995 to 2007 showed that within the agricultural areas
several crops have gained importance in the rural districts; notably maize increased by 2.8% (4696 ha)
and oilseeds increased by 0.4% (750 ha). At the same time, the area of cereals decreased by 3.4%
(5788 ha), tubers declined by 0.8% (1315 ha) and permanent pastures decreased by 1.8% (3029 ha).
Each historic land use trend was extrapolated to 2011–2040 by means of a linear regression. The
rural district of Ansbach has the largest concentration of biogas plants in Bavaria (BLfL, 2007) with
silage corn being the primary feedstock. Currently, 10% of all agricultural land in Ansbach is being
used to produce feedstock for the biogas plants. It has been observed that farmers in the watershed
are planting more maize as a biofuel, which is changing the landscape from pasture dominated areas
to annual row crops (T. Liephold, WWA-Ansbach, pers. comm.,  2009).
2.3.2. Farmer decisions prevail (FARM)
This storyline was based on input from stakeholders active in the watershed as well as from
responses in the questionnaire sent to farmers. The questionnaire comprised 23 questions to deter-
mine decision-making factors related to past, current and potential future crop choices. It was sent
to two independent groups of farmers. Group 1 (n = 666) were farmers with farmland in the rural
district of Weissenburg-Gunzenhausen and downstream of the Altmühl Lake; an area encompassing
306.2 km2 (30.8% of the watershed). This geographic subbasin area was selected to allow farmers to
provide unbiased responses and not be inﬂuenced by current government recommendations for safe-
guarding the lake’s water quality. Group 2 (n = 24) were farmers enrolled in the Agricultural College
in Triesdorf located in the watershed. This group was  chosen to obtain responses from a younger
(future) generation of farmers. The responses obtained from both groups were evaluated and were
used to develop the FARM storyline which applied to the entire watershed.
2.3.3. Agricultural policies dominate (CAP)
This storyline was developed assuming subsidies and monetary stimuli were the predominant
drivers of land use change. All of the farmers questioned indicated receiving some type of government
support for their farming activities. As such, available markets, the agricultural subsidies and income
stabilization available to farmers in the region, principally guided by the CAP and the KULAP were the
main focus for this storyline.
Programs are in place to reduce farming intensity; for example, approximately 0.5% of pasture areas
were set-aside in the rural districts since 2007 due to the CAP incentives to take the least productive
land out of production. Direct payments to farmers from these programs allow them to be stewards of
their land. The dissociation of payments to farmers from their production (i.e. decoupling production
from payments) helps to keep farmers in the business while allowing them to maintain good prac-
tices. In the CAP, land use policies also encourage the protection of biodiversity. The preservation of
permanent grassland, natural grassland, and set-aside land practices is encouraged through payments
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so there is less land abandonment in this scenario. The extensiﬁcation of farm land is also encouraged
through both CAP and KULAP programs.
2.4. Spatially distributing the land use storylines
The three LUC storylines were associated with yearly alterations in crop hectares. To distribute
these new crop areas spatially in the watershed, the CLUE-S model (version Dyna-CLUE: Conversion
of Land Use and its Effects at a Small regional extent, Verburg et al., 2002) was chosen which applies
a combination of empirical analysis, spatial analysis and dynamic modeling to ﬁnd the most suitable
location for each land use. Based on empirically derived relations (logistic regression equations) of
historic crop location factors and land uses, the relationship between the spatial distribution of land
and the dominant determining factors (i.e. location preferences or suitability) as well as constraints
associated with these were described (Verburg et al., 2004). From the regression descriptions, a prob-
ability map  was calculated for each land use type, per year. For grid cells that were allowed to change,
the most suitable location was determined for each land use based on the probability maps, the deci-
sion rules in combination with the actual land use map, and the demand for different land use types.
This was an iterative process and when allocation equaled demand, the ﬁnal land use map  was  saved
and the calculations continued for the next time step (Verburg et al., 2002). Section 2.5.3 describes
how the spatially distributed LUC scenarios were applied to the hydrological model.
2.5. Hydrological model description: SWAT
The Soil and Water Assessment Tool (SWAT, Arnold et al., 1998) model was used to simulate stream-
ﬂow, as well as NO3−-N and TP loads. SWAT is a semi-distributed, process based hydrological model
that runs at a daily time step. SWAT is well-suited to determine the impacts of changes in land use
and agricultural management practices on streamﬂow, agricultural nutrient transport and sediment
yield (Arnold et al., 2012; Gassman et al., 2007).
ArcSWAT version 510 was run on an ArcGIS 9.3.1 (ESRI 2009) platform. The set-up for the watershed
was based on a 50 m Digital Elevation Model that mapped the Altmühl study area onto a 993.4 km2
watershed. The input data included 33 soil classes, 4 slope categories and 17 land use classes. SWAT
divided the watershed into 17 subbasins (Fig. 1) and then further into 2038 hydrological response units
(HRUs). Each HRU groups the total area in a subbasin with a particular soil texture, land use and slope.
All model calculations were conducted at the HRU level. Spatial percentage values (thresholds) were
speciﬁed below which unique soil, land use and/or slope areas are not considered in the subbasins;
these minority classes were reappointed so that 100% of the area is modeled. Since it was  important
to maintain land use diversity, no threshold was applied to the crops; only a threshold of 10% was
applied to the soil type.
In SWAT, the water balance is the driver behind all hydrological processes and is represented
in each HRU by ﬁve storage volumes: canopy interception, snow pack, soil proﬁle (0–2 m),  shallow
aquifer (2–20 m)  and deep aquifer (>20 m).  Simulated processes include inﬁltration, surface runoff,
evapotranspiration, plant water uptake, lateral ﬂow and percolation to shallow and deep aquifers.
Flow, sediment and nutrients are summed across the HRUs in a subbasin, and the ﬂows and pollutant
loads are then routed through channels, ponds, and reservoirs to the watershed outlet. The volume of
surface runoff is estimated using the modiﬁed Soil Conservation Society curve number method (USDA,
1972). The curve number (CN) is adjusted at each time step, depending on how much soil moisture
is available. Potential ET was estimated using the Penman–Monteith method. The plant heat units
were adjusted for wheat, orchards, and maize to be more relevant to German growing conditions
(Chmielewski and Köhn, 1999).
Crop growth is modeled with the EPIC sub-model (Williams et al., 1984) which bases the pheno-
logical development of the plant on accumulated heat units which are a function of the minimum
and maximum air temperatures. Although SWAT is able to modify the crop radiation-use and water-
use efﬁciency in elevated CO2 concentrations, this was  not implemented because there is still much
uncertainty on the validity of simulated CO2 on plant growth (e.g. Jha et al., 2006).
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SWAT distinguishes three major forms of nitrogen in mineral soils: (1) organic N associated with
humus; (2) mineral forms of N held by soil colloids; and (3) mineral forms of N in solution (Neitsch
et al., 2011). SWAT models six different pools of P in the soil; three pools are associated with the
inorganic forms of P (solution, active and stable) and the other three with the organic P forms (fresh,
stable and active) (Neitsch et al., 2011).
2.5.1. Set-up and input data
The SWAT model required several types of input data relevant to climate, hydrological processes
and plant growth (Table S1). The observed climate data stemmed from measured sub-daily temper-
ature, precipitation, relative humidity, cloud cover, and hours of sunshine for the period 1961–2005,
within a 20 km zone around the watershed periphery (total of 13 stations) provided by the German
Meteorological Service. These were aggregated to a daily scale and the climate variables for SWAT
were calculated based on the station data.
Observed daily ﬂow at the Thann (1982–2005) and Treuchtlingen (1964–2005) gauges were
obtained from WWA-Ansbach. Measured in-stream nutrient concentrations at the Thann gauge were
taken from 1982 to 2005 on average 3 times per month (ranging from 1 to 6 times) and obtained from
the BLfU. Data on point-source contributions of nutrients were not available.
Measured as well as estimated soil parameters for the region stemmed from Muerth (2008) and
Wendland et al. (2011). The number of farmers implementing conservation practices in the region
was guided by the responses received from the questionnaires which indicated that 30% of farmers
implemented soil conservation practices to reduce surface erosion (e.g. residue management, inter-
cropping, reduced tillage, etc.). In a subregion of Saxony, an adjacent State, Pöhler (2006) found a
similar percentage of farmers carrying out conservation practices.
By 2041–2070 in the climate simulations, a longer growing season was calculated, starting when
the average daily temperature was ≥5.0 ◦C, and the sum of the differences remained positive on the
30 subsequent days (Chmielewski and Köhn, 1999). On average, the growing season was  calculated
to start at the end of February instead of at the end of March (i.e. earlier by 4 weeks). As well, the
number of growing degree days (GDD) was higher in the future. GDD are used to deﬁne the time in the
year when a plant is able to actively accumulate biomass and grow from April to the end of October
(Gordon and Bootsma, 1993). GDD are based on average daily temperatures above 0 ◦C, 5 ◦C or 10 ◦C
depending on when the crop starts to grow. In the observed climate (1970–2000), there were 2817,
1778 and 881 GDD based on 0 ◦C, 5 ◦C and 10 ◦C, respectively. For the future climate runs, there were
an additional 318–496 GDD for base 0 ◦C; 303–469 GDD for base 5 ◦C; and 250–397 GDD for base 10 ◦C
crops. Thus, in the future, crops may  ﬂower sooner and will mature faster. Also, higher yielding hybrids
can be planted, or another cut of hay can be carried out. To account for these alterations in the season,
adjustments were made to the farm management ﬁles in SWAT when applying the LUC scenarios with
the CC simulations (Table 2). Speciﬁcally, planting dates were shifted (assuming farmers would adapt
the planting dates (Deryng et al., 2011)) and the simulated harvesting dates for maize and soybean
took place later assuming that late-maturing cultivars will be planted (Southworth et al., 2002). Maize
fertilizer was augmented to meet the increase in biomass. Also, to allow crops to dry in the ﬁeld longer,
switchgrass and summer wheat were simulated to be harvested 2 weeks later. Finally, strawberries
were harvested 2 weeks longer and pasture land was harvested four (instead of three) times a year and
received an additional fertilizer application of manure (40 kg/ha N and11 kg/ha P). The fertilizer by-
laws and regulations pertaining to allowable dates and amounts of fertilizer application were assumed
to be unchanged in the future and were thus also respected in all simulated future scenarios.
2.5.2. Calibration and validation
The Sequential Uncertainty Fitting algorithm (SUFI-2, Abbaspour et al., 2004) is a semi-automated
inverse modeling tool that was used for calibrating the SWAT simulated outputs to the available time
series data of streamﬂow, NO3−-N and TP loads. SUFI-2 is a stochastic procedure drawing independent
parameter sets using Latin Hypercube sampling. SWAT was calibrated sequentially for streamﬂow,
NO3−-N, and TP as per Arnold et al. (2012). Based on a sensitivity analysis, 19 parameters were chosen
for calibration in SUFI-2 (Table S2).
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Table 2
Crop management (seeding/harvesting dates, fertilizer application) for 2041–2070.
Crop Seeding date/harvest date N kg/ha
(type)a
P kg/ha
(type)a
Summary of ﬁeld management
changes for 2041–2070,
compared to 1971–2000
Maize (silage) April 21/October 10 30 (2)
20 (1)
115 (3)
34 (2)
25 (3)
Seed 10 days earlier; fertilize
with additional 20 kg N/ha (3
weeks after seeding); fertilize
with 45 kg N/ha, 25 kg P/ha
additional during season;
harvest 2 weeks later; fall
tillage 4 weeks later
Maize (grain) April 21/November 7 35 (2)
30 (1)
130 (3)
39 (2)
28 (3)
Seed 10 days earlier; fertilize
with additional 30 kg N/ha (3
weeks after seeding); fertilize
with additional 45 kg N/ha,
28 kg P/ha during season;
harvest 2 weeks later; fall
tillage 10 days later
Winter wheat September 20/July 7 45 (3)
125 (1)
10 (3)
70 (6)
Fertilize in spring 3 weeks
earlier; harvest 2 weeks
earlier; fertilize in fall 4 weeks
earlier; tillage 3 weeks earlier
in fall; seed 2.5 weeks earlier
Summer wheat March 21/August 15 50 (3)
40 (1)
30 (4)
11 (3)
13 (4)
Fertilize 4 weeks earlier in
spring; harvest 2 weeks later;
tillage 2.5 weeks later in fall
Pasture Cut on: May  30/July 20/August
29/October 5
200 (5) 55 (5) Additional 4th cut in fall
followed by fertilizer
application
Rapeseed September 3/July 23 150 (1) 60 (6) Fertilize 10 days earlier in
spring
Potato April 12/September 29 100 (1) 120 (6) Seed 10 days earlier
Soybean April 1/September 7 – 45 (6) Seed 1 week earlier; harvest 1
week later; fall fertilize and till
10 days later
Strawberry Harvest: July 15 70 (3)
75 (1)
15 (3) Harvest 2 weeks later; fall
fertilize 2 weeks later
Switchgrass Cut: October 15 100 (1) 0 Harvest 2 weeks later
Sugarbeet March 12/October 1 110 (2) 24 (2)
70 (6)
N/A
Alfalfa Cut on: May  19/June 24/July
26/September 8
– 200 (6) N/A
Orchard – 45 (1) – N/A
a Fertilizer type: (1) elemental N; (2) diammonium phosphate; (3) calcium ammonium nitrate; (4) ammonium phosphate;
(5)  beef manure; (6) elemental P.
The calibration and validation was performed for the time period prior to 1985 (the completion
of the Altmühl Lake). Before 1985, the lake area of “water” was  changed to “rangeland” in SWAT
since prior to the lake construction the land was considered to be poor quality agricultural land;
mostly fallow or pasture (T. Liephold, WWA-Ansbach, pers. comm.,  2009). SWAT was  ﬁrst calibrated for
streamﬂow (1964–1974) at the outlet gauge in Treuchtlingen (validated from 1975 to 1984). Then
NO3−-N and TP were calibrated sequentially, each from 1982 to 1983 at the monthly time step at
the Thann gauge and validated in 1984. The evaluation period was  from 1982 to 2005. All SWAT
simulations had a prior 3-year warm up period to initialize the soil processes.
The Nash–Sutcliffe Efﬁciency (NSE, Nash and Sutcliffe, 1970) statistical criterion was chosen as the
primary objective function for calibration. The NSE determines the relative magnitude of the variance
of the residuals compared to the variance of the observed data. Several other objective functions were
performed post-validation (PBIAS, R2, bR2) so that a variety of best-ﬁt criteria were used to show the
quality of model performance.
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2.5.3. Inserting land use scenarios into SWAT
The evolving land use change for a 30-year period was  examined so that a trajectory of land use
change was applied in SWAT, where one layer of land use was  applied to one year of climate (sensu
El-Khoury et al., 2015; Park et al., 2011).
The coupling of the land use layers from CLUE-S into SWAT was  carried out using the beta version of
SWAT2009 LUC (Pai and Saraswat, 2011). This tool was able to accept CLUE-S raster layers as input and
spatially allocate new land use conﬁgurations to existing HRUs in the SWAT model thereby maintaining
the physical autocorrelation of soil and slope whenever possible in each subbasin. For each of the three
LUC scenarios, a raster layer was produced corresponding to one map  of land use for each year of
simulation. For each land use scenario, 30 maps (one map  per year) were read by the SWAT2009 LUC
coupling tool which calculated the changed area fraction of each HRU for every layer within the 30-year
period and transmitted this information to SWAT. SWAT then simulated land use change by increasing
or diminishing the area of the initial HRUs as stipulated in each of the future land use layers.
According to Pai and Saraswat (2011), if HRU thresholds are provided in the SWAT model set-up, a
deviation of 10% in the area of transformed land use may  occur in each subbasin. For this reason, once
SWAT was run with the LUC scenarios, a veriﬁcation of the total amount of simulated land use change
(land use type in each subbasin) was undertaken.
3. Results
3.1. Future temperature and precipitation changes
The suite of future CC simulations (2041–2070; Fig. 2) showed mean monthly precipitation changes
in the range of −27% to +56%, and increases in mean monthly temperatures of 0.5–4.0 ◦C compared
with the observed station data. A precipitation increase in March was  consistent in all simulations. The
months of April, October and November also had increases in precipitation for the most part, while a
decrease in precipitation was more prominent during August and September. The increase in mean
surface air temperature showed much variability between the simulations but the largest and most
consistent warming took place in winter; from December to February.
3.2. Future land use scenarios
In each of the three scenarios, the errors that occurred after coupling the CLUE-S layers to SWAT
(with the SWAT2009 LUC tool) were within a range of 5–10% per land use per subbasin, similar error
ranges were found by the developers of SWAT2009 LUC (Pai and Saraswat, 2011). This affects the land
use scenarios in so far that the land use changes were 5–10% different than the storyline quantities
input into CLUE-S. The SWAT simulated water quality variables stemmed from the post-coupled land
uses depicted by the right bars in each subbasin in Fig. 3. After 30 years of simulation, the major
changes in the LUC scenarios were as follows:
3.2.1. BAU
Given the long-term historic trends, the population decline continued and the amount of agricul-
tural land decreased for the next 30 years by a total of 15% (Fig. 3a). The greatest change to cropland
was a continued increase in maize area (by 3.4%) especially in subbasins 2, 6 and 9. The trend of maize
replacing pasture lands continued so that the pasture areas decreased by 2.8%, mostly in subbasins
3, 7, 8, 9, and 15. The recent downward trend of cereals (mainly wheat) and legumes (soybean) also
continued (4.4% and 0.9%, respectively). Rangeland (set-aside and natural grasslands) increased (3.8%)
to replace abandoned farmland along the eastern part of the basin (subbasins 5, 6, 8 and 9).
3.2.2. FARM
The questionnaire response rate from Group 1 was  8% (n = 52). Descriptive statistics showed that
farmers who responded to the questionnaire were representative of the general population in the
corresponding rural district. The respondents represented 1469 ha of agricultural land (or 27% of
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Fig. 2. Future changes in bias corrected model simulations (2041–2070) compared with observed interpolated station data
(1971–2000) for: (a) precipitation and (b) mean temperature.
the agricultural land in the area questioned). In Group 2, all 24 farming students responded to the
questionnaire, all of whom were from the region.
Using the nonparametric statistical test (Mann–Whitney), Group 1 and 2 were found to be sta-
tistically different (p > 0.05) in terms of their farm size (31 ha and 125 ha, respectively); the number
of people living on the farm (2 and 3, respectively); and the number of years of farm working expe-
rience (34 and 8 years, respectively). Both groups noted climate change impacts on their farms (i.e.
earlier harvests possible, summer droughts, intensive precipitation and variable temperatures). How-
ever, a signiﬁcantly larger proportion of farmers in Group 2 would switch crops if the growing season
increased; examples cited were soybean, sorghum, miscanthus, lupin and sudangrass. In Group 1, 50%
were considering abandoning their farm, and 11% wanted their farm to enlarge; in Group 2, none
would abandon the farm and 72% wanted to enlarge. Otherwise, the reasons for choosing crops to
grow on their farms were driven by very similar factors in Group 1 and 2.
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Table 3a
SWAT calibration and validation statistics1 for streamﬂow (m3/s) at Treuchtlingen.
Calibration 1964–1974 Validation 1975–1984
Yearly Monthly Daily Yearly Monthly Daily
NSE 0.96 0.77 0.57 0.81 0.75 0.68
PBIAS  1.4 13.5 13.8 0.67 13.3 3.34
R2 0.96 0.79 0.59 0.83 0.78 0.69
bR2 0.96 0.68 0.39 0.84 0.73 0.53
In both groups, current crop choices were closely associated to economic incentives. However,
farmers also considered several other important drivers, such as time investment; access to markets;
machinery and technology; and experience. Drivers for changing crops on their farms included mar-
keting potential; climate factors; new information; new land acquisition; and government subsidies.
The full results of the questionnaire are presented in Mehdi (2014).
The suite of drivers was used to develop the scenario (Fig. 3b). It was  assumed that the planting of
new crops and the increasing pressure for more cropland allowed the total area of agricultural land to
remain relatively constant; it decreased only slightly by 2.4%. In this scenario, silage corn continued
to be grown for biofuels (the area under maize increased by 3.6%) mainly in subbasins 2, 5, 6, 7, 9 and
13. The legume crops, such as soybean, also increased (1.8%) in subbasins 6 and 14 since they are more
productive in a warmer climate and they are a suitable rotation crop for maize. Oilseeds continued to
increase by 0.4% near the basin outlet (subbasin 15). Areas under cereals and tubers decreased by 3.4%
and 0.1%, respectively, because these crops will not be proﬁtable according to farmers. Pasture areas
declined by 2.5% in subbasins 3, 6, 9, 13 and 15 as one additional cut of hay was possible in a warmer
climate.
3.2.3. CAP
In this scenario (Fig. 3c), it was assumed that the population gradually declined by 2% as seen in
recent trends. The slowly aging population was  more conscious of a healthy lifestyle. The current
widely grown crops such as cereals, silage maize, tubers and oilseeds remained important in this sce-
nario due to the local demand as well as for exporting outside of the region. Advances in technology
increased crop productivity, which required less cropland for production. There was  relatively slower
economic and demographic growth and also less meat consumption. Livestock production was  there-
fore reduced and there was less demand for fodder crops. For these reasons, crop production was
lower. The least productive land was taken out of production, and forest areas expanded.
Although there was less demand for agricultural production, the total agricultural land area only
decreased by 3.3% because extensiﬁcation took place on non-intensive crops, for example the range-
land increased by 0.2% in the upper basin area (subbasins 1 and 5). Decreased pasture areas (2%)
mostly in subbasins 6, 7 and 9 and legume (0.4%) areas scattered over the basin occurred because of
less demand for fodder crops, and oilseed (1%) for human consumption decreased around the lake
area. Slight increases in the areas of cereals (0.6%) mainly in the western part and maize (0.5%) around
the lake area occurred since markets for these remained relatively important (also for export).
3.3. Hydrological model calibration and validation
The SWAT simulated outputs, resulting from the best set of calibrated parameters, demonstrated
the model was able to reproduce the timing of daily dry spells and peak ﬂows (Fig. 4a). The peak
ﬂows are especially important for nutrient transport from surface runoff events, particularly for TP.
Snowmelt is also an important period when nutrients are transported. The monthly streamﬂow during
January and February was overestimated by the model by about 1.5 m3/s (∼10%; Fig. 4b), even though
seven of the calibrated parameters pertained to snowmelt. Consequently, the winter peak runoff and
the transport of TP were overestimated, while too little NO3−-N was  transported below the soil by
inﬁltration. The peak ﬂow overestimation in winter did not dominate the annual streamﬂow errors
since overall SWAT underestimated the monthly ﬂow (PBIAS of 13%; Table 3a), especially for low
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Fig. 4. (a) Daily observed streamﬂow data (blue solid line) at Treuchtlingen and the SWAT simulated streamﬂow using observed
climate and the 2008 land use layer (red dotted line). (b) Average observed and simulated streamﬂow at Treuchtlingen per
month, from aggregated daily ﬂow values from 1964 to 1984.
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Table 3b
SWAT sequential calibration and validation (monthly time step) statisticsa at Thann. First NO3−-N and then TP were calibrated
using  the daily calibrated ﬂow parameter ranges.
Calibration 1982–1983 Validation 1984
NO3−-N + ﬂow TP + ﬂow (stable NO3−-N
parameters)
NO3−-N + ﬂow TP + ﬂow (stable NO3−-N
parameters)
NSE 0.77 0.47 0.72 0.52
PBIAS −11.8 33.5 16.6 27.7
R2 0.77 0.71 0.71 0.70
bR2 0.59 0.77 0.75 0.67
NSE for ﬂow 0.83 0.80 0.87 0.59
a NSE = Nash–Sutcliffe Efﬁciency; PBIAS = percentage bias measures the average tendency of the simulated data to be larger or
smaller than the observed data, negative values indicate the simulation overestimates the observed values, and positive values
indicate an underestimation of the model to observed values (Gupta et al., 1999); R2 = coefﬁcient of determination describes the
proportion of the observed variance that can be captured by the simulations (Legates and McCabe Jr., 1999); bR2 = coefﬁcient
of  determination multiplied by the coefﬁcient of the regression line to account for both the magnitude of the signal and their
dynamics (Abbaspour, 2011).
ﬂow events. The modeled monthly variance was fairly well captured (R2 = 0.78) but the magnitude
was weaker (bR2 of 0.68–0.73). It should be noted that after 1984, the lake was  regulated in part
to control the ﬂoodwater (occurring every 8–10 years) when approximately 10% of ﬂoodwater was
stored. From statistical evaluations of streamﬂow after 1984, the amount of retained water remained
within the model uncertainty bounds because there was  no indication of a greater skew than during
the calibration/validation period.
Figs. 5a, 6a and Table 3b indicate that the NO3−-N and TP simulations represented the timing of
the events well, although the simulated TP was  overall lower and NO3−-N was overestimated from
1982 to 2005. Figs. 5b and 6b show this to be especially true for the low to medium loads.
The statistical criteria listed in Moriasi et al. (2007), suggested that the overall performance of
the SWAT model after the sequential calibration of the three variables “satisfactorily” captured the
most important hydrological processes in the watershed. The model could therefore be used with
reasonable conﬁdence to reproduce the nutrient transport observed in the basin.
The SWAT simulation using the observed climate (1971–2000) and the 2008 land use layer (kept
static for the simulation period) is henceforth referred to as the “reference simulation” (REF). Since a
bias-correction was applied to the CC simulations, a direct comparison was made between the SWAT
outputs stemming from the future CC simulations (2041–2070) and the REF. Independent t-tests, with
a signiﬁcance level of p < 0.05, were carried out to determine signiﬁcant differences between the REF
and the future simulations. All nutrient loads were reported in kg/ha, except annual nutrient loads
were reported in Mg  (1000 kg) per year.
3.4. Nutrient transport from the reference scenario
Fig. 7 depicts the main crops that contributed to N and P losses in the REF in the watershed. From
1971 to 2000, high mean monthly NO3−-N losses (>1 kg/ha) occurred during fall, winter and spring
(September–May). These loads stemmed principally and regularly from winter wheat ﬁelds due to
three applications of N fertilizer from February–April. During the growing season (JJA) NO3−-N loads
were overall lower, especially for summer wheat and pasture, but high contributions (0.1–1 kg/ha)
remained from maize and winter wheat ﬁelds.
In the REF, the critical period for TP losses occurred in winter (DJF) when ﬁelds were bare of crops.
During these months, mean TP losses between 0.1 and 0.01 kg/ha stemmed from maize, summer- and
winter wheat. The highest TP loads were transported from maize (in all seasons); in spring (MAM), TP
loads remained elevated for maize as it started to emerge, while loads <0.001 kg/ha were simulated
for pasture, summer- and winter wheat. During the growing season (JJA), TP losses were overall lower
as crop uptake of nutrients was elevated, except for maize when frequent losses >0.01 kg/ha occurred
and also in fall (SON) losses were high (>0.02 kg/ha).
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Fig. 5. (a) Mean monthly measured nitrate nitrogen loads (blue solid line) at Thann and mean monthly SWAT simulated loads
using  the observed climate and the 2008 land use layer (orange dotted line). (b) Evaluation of simulated mean monthly NO3−-N
loads at the Thann gauge (1982–2005).
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Fig. 6. (a) Mean monthly measured total phosphorus loads (blue solid line) at Thann and mean monthly SWAT simulated loads
using  the observed climate and the 2008 land use layer (green dotted line). (b) Evaluation of simulated mean monthly TP loads
at  the Thann gauge (1982–2005).
3.5. Climate change impacts
The impacts of climate change alone caused mean annual streamﬂow to diminish in all but one of
the simulations (+3% to −16%), thus by the 2050 horizon, annual ﬂows were simulated to range from
5.2 to 6.4 m3/s (instead of the current 6.2 m3/s; Table 4), indicating a strong tendency for streamﬂow
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Fig. 7. Simulated contributions to TP versus NO3−-N loads (kg/ha) for four different crops at the basin outlet, during all seasons
in  the reference simulation (1971–2000). Each dot represents one month. (DJF = December, January, February; MAM = March,
April, May; JJA = June, July, August; SON = September, October, November).
Table 4
Absolute mean monthly values (with standard deviations) for the reference simulation (1971–2000).
Month Flow (m3/s) NO3−-N (kg/ha) TP (kg/ha)
1 11.4 ± 5.2 2.3 ± 1.1 0.11 ± 0.10
2  13.3 ± 5.6 2.3 ± 0.9 0.10 ± 0.09
3  11.8 ± 6.6 2.3 ± 1.2 0.07 ± 0.12
4  8.3 ± 5.3 1.7 ± 1.4 0.04 ± 0.04
5  4.8 ± 3.6 0.8 ± 0.8 0.04 ± 0.04
6  3.8 ± 3.4 0.4 ± 0.5 0.03 ± 0.02
7  3.1 ± 2.2 0.2 ± 0.2 0.02 ± 0.01
8  2.4 ± 2.2 0.2 ± 0.3 0.01 ± 0.01
9  1.6 ± 1.7 0.2 ± 0.3 0.01 ± 0.01
10  2.2 ± 2.6 0.5 ± 0.6 0.02 ± 0.04
11  3.7 ± 4.2 0.9 ± 1.1 0.01 ± 0.02
12  8.0 ± 5.6 1.8 ± 1.2 0.08 ± 0.08
Annual 6.2 ± 5.8 13.6 ± 4.4 0.54 ± 0.2
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Fig. 8. SWAT simulated streamﬂow at the Treuchtlingen gauge for the reference simulation (1971–2000) and with the climate
simulations (2041–2070).
to decrease. The mean monthly streamﬂow was reduced from December to April in most of the sim-
ulations (Fig. 8), corresponding with the months when ET was at least 50% higher than in the REF.
Statistically, only the mean streamﬂow in March was signiﬁcantly lower (−2.0 ± 0.9 m3/s) compared
to the REF, despite the general increase in future precipitation during March. The explanation is that
the snowfall was reduced to approximately half and snowmelt was shifted to occur earlier, mainly in
January–February.
Under climate change conditions, NO3−-N loads increased signiﬁcantly during the growing season
(July–September) reaching up to 0.21 ± 0.07 kg/ha (100%) more NO3−-N per month than in the REF
(Fig. 9, gray boxes). June to September corresponded to when future precipitation changes were highly
variable, so a strong signal of increasing NO3−-N was detected because NO3−-N is soluble and was
transported by throughﬂow and lateral ﬂow.
In November, the mean TP load was  signiﬁcantly higher (0.08 ± 0.04 kg/ha; 800%) than in the REF
(Fig. 10, gray boxes). Most of the TP simulated was  in the form of organic P. When precipitation
was generally high (i.e. during November) and when interception was  low, sediment particles (with
P) and fertilizer were transported by surface runoff. A positive correlation between mean monthly
streamﬂow and mean monthly TP loads existed (R2 = 0.74), this also accounted for the decrease in
simulated annual streamﬂow and simulated annual TP loads. These results corroborated with studies
undertaken in southern Ontario (Canada) and in southwestern Ohio (USA) whereby TP and NO3−-N
loads increased the most under future wet  climates compared to future dry climates (Booty et al.,
2005; Tong et al., 2012).
To provide an overview at the yearly time step: ﬁve of the CC simulations increased mean annual
NO3−-N loads (2% to 16%) while two  CC simulations lowered loads (−10% and −14%) compared with
the REF. Therefore the mean annual load changes for NO3−-N ranged from −183 to +222 Mg.  Annually,
mean TP loads decreased (−8% to −17%), except in one simulation where loads increased by 4%; the
mean annual load changes for TP varied between −9 and +2 Mg.  Table 5 provides the average annual
values for CC alone, and for CC with LUC simulations.
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Fig. 9. Changes in SWAT simulated mean monthly NO3−-N loads for climate change simulations (gray boxes) and for climate
change simulations with land use change scenarios (orange boxes), compared with the reference simulation (red zero line),
at  the basin outlet. The months in which the mean climate change simulations were signiﬁcantly (p < 0.05) different from the
reference simulation are circled in gray; the months in which the mean combined climate and land use change simulations
were  signiﬁcantly different are circled in orange.
Table 5
Climate change impacts alone and with land use change on annual mean water quantity and quality variables.
Variable Simulation m3/s % mg/L %
Streamﬂow REF 6.20 – – –
CC  5.58 −10.0 – −10.0
CC + LUC 5.79 −6.6 – −6.6
Mg  % mg/L %
NO3−-N REF 1354.0 – 6.22 –
CC  1403.5 3.7 7.47 20.1
CC  + LUC 1724.3 27.3 9.10 46.3
TP REF  52.8 – 0.28 –
CC  47.6 −9.8 0.31 10.7
CC  + LUC 57.2 8.3 0.32 14.3
CC = average of 7 climate change simulations; CC + LUC = average of 21 climate with land use change simulations; %  = difference
with  respect to the REF.
3.6. Combined impacts of climate change and land use change
Each of the three LUC scenarios was run with every CC simulation, in turn, to yield 21 simulations
of impacts that may  occur to the surface water quality in the future. Figs. 11 and 12 show the NO3−-N
and TP loads, respectively, in these combinations. Boxplots depict the spread of the changes in the
combined scenarios in Figs. 9 and 10.
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Fig. 10. Changes in SWAT simulated mean monthly TP loads for climate change simulations (gray boxes) and for climate
change simulations with land use change scenarios (green boxes), compared with the reference simulation (red zero line), at
the  basin outlet. The months in which the mean climate change simulations were signiﬁcantly (p < 0.05) different from the
reference simulation are circled in gray; the months in which the mean combined climate and land use change simulations
were signiﬁcantly different are circled in green.
3.6.1. Nutrient loads
When only the three LUC scenarios were compared with the REF, all were found to have similar
impacts on streamﬂow, NO3−-N and on TP load outputs (Fig. S1), but the NO3−-N and TP loads were
higher in most months compared to the REF because of increased fertilizer inputs.
When a LUC scenario was combined with a future CC, an important shift toward higher NO3−-N
loads was apparent, particularly during the summer months (Fig. 9). Mean monthly NO3−-N loads were
signiﬁcantly higher from May  to November (up to 0.6 ± 0.07 kg/ha in July; 300% increase), speciﬁcally,
those of the FARM and CAP scenarios. The BAU scenario coupled with the CC simulations demonstrated
signiﬁcantly higher NO3−-N loads for a slightly shorter period from May  to October because it had the
greatest decrease in winter wheat areas, which is a large contributor to NO3−-N loads in the fall. As
well, the BAU scenario had the greatest decline of total agricultural land and the largest increase in
rangeland; both of these changes led to lower overall fertilizer application amounts.
The BAU, CAP and FARM scenarios had average N fertilizer applications on cropland of 107 kg/ha,
112 kg/ha and 108 kg/ha, respectively; the REF had 67 kg/ha. In the LUC scenarios, as a result of more
N fertilizer in the future farming system (i.e. on maize and pasture areas; see Section 2.5.1), the period
during the year when NO3−-N loads were signiﬁcantly higher was  prolonged compared with the CC
simulations alone. More N fertilizer was applied earlier in the season and the later harvest of maize,
soybeans, pasture, summer wheat, switchgrass and berries in the future deferred the fall fertilizer
applications to later during the year (Table 2). Thus, when the LUC scenarios were combined with the
CC simulations, N fertilizer was additionally elevated at the beginning and at the end of the growing
season. Consequently, signiﬁcant additional NO3−-N loads to the waterways occurred in May, June,
October and November (Fig. 9). In Ontario, El-Khoury et al. (2015) found the impacts of climate change
on nitrate loads to be negligible, however when coupled to land use changes an increase in N was
simulated, which they also attributed to the N fertilizer inputs.
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Fig. 11. SWAT simulated NO3−-N loads at Treuchtlingen for the combined CC and LUC simulations (2041–2070). The dark
blue  line is the reference (1971–2000); red lines represent the BAU scenario with each of the climate simulations; green lines
represent the FARM scenario with each of the climate simulations; light brown lines represent the CAP scenario with each of
the  climate simulations.
Fig. 12. SWAT simulated TP loads at Treuchtlingen for the combined CC and LUC simulations (2041–2070). The dark blue line is
the  reference (1971–2000); red lines represent the BAU scenario with each of the climate simulations, the green lines represent
the  FARM scenario with each of the climate simulations; light brown lines represent the CAP scenario with each of the climate
simulations.
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For the TP loads, 16 simulations (out of 21) predicted overall increases. The BAU, CAP and FARM
scenarios had average P inputs on the cropland of 35 kg/ha, 36 kg/ha and 35 kg/ha, respectively (the
REF had 26 kg/ha). Mean monthly TP loads were signiﬁcantly higher from June to August and also in
November (up to 0.02 ± 0.004 kg/ha in July; 200%) compared with the REF (Fig. 10). Speciﬁcally, the
BAU and CAP scenarios, in combination with the CC simulations, had signiﬁcantly higher TP loads from
June to September and in November. The FARM scenario, coupled with the CC simulations, also had
higher loads during these months, as well as in the month of May, because soybean areas increased
only in FARM and required P inputs after seeding in April (in the BAU and CAP scenarios the soybean
areas decreased).
To provide an overview at the annual time step: the combined CC and LUC simulations showed
annual additional NO3−-N loads of 5–50% (62–672 Mg)  reaching the outlet, compared to the REF. For
the TP loads, mean annual changes at the outlet were simulated to range from −2% to +34% (−1 to +17
Mg)  compared to the REF (Table 5 shows the average annual loads and the changes compared to REF).
The NO3−-N results are within the range of El-Khoury et al. (2015) who  found that combined climate
change and agricultural land expansion led to increased NO3−-N loads by 15%, but increased organic
and mineral P loads were 65% and 125%, respectively. The greater P impacts are not surprising because
each region has unique climate change impacts and in Ontario an increase in annual streamﬂow of
8.5% was simulated, rather than a decrease.
3.6.2. Concentrations of nutrients in-stream
Determining the in-stream concentrations of nutrients involved examining nutrient loads trans-
ported from ﬁelds in conjunction with the simulated streamﬂow volumes.
Generally, simulated streamﬂow decreased from December-April. The mean monthly streamﬂow
during March was signiﬁcantly lower by 2.1 ± 0.9 m3/s (this outcome was similar to the CC simulations
alone), whereas July had signiﬁcantly higher ﬂows (+1.2 ± 0.4 m3/s).
The simulated mean NO3−-N concentrations at the basin outlet, for each month, were signiﬁcantly
higher compared with the REF (Fig. 13), whereas with the CC simulations alone only 6 months showed
higher mean values. The combined simulated impacts are of concern since the NO3−-N concentration
of 11 mg/L was frequently surpassed at the Thann and Treuchtlingen gauges, especially during the fall
and winter months (October to January). The extreme values (shown by the outliers in Fig. 8) depicted
the high variability in NO3−-N concentrations which consistently surpassed the water quality criterion
every month, was not observed in the REF. Monthly averaged NO3−-N concentrations from 2040 to
2070 were up to 20% higher compared with CC simulations alone (Table 5). The magnitude of these
results was higher than in Tong et al. (2012) who  found climate change combined with land use
changes (mostly agriculture to urban) increased N concentration by about 3% compared to CC alone.
Simulated TP concentrations at the basin outlet were signiﬁcantly higher in April and from
September to November (with CC simulations alone, only the months of April and October were sig-
niﬁcanlty higher). TP concentrations remained well above the 0.05 mg/L criterion at the Thann and
Treuchtlingen gauges. High TP concentrations were related to periods of low or no plant canopy (i.e.
before crops are established and after harvest) intersecting with the dates when fertilizer was applied
(i.e. early spring and late fall). The high variability in simulated TP also led to concentrations exceeding
1.0 mg/L at the basin outlet every month, which was  a rare occurrence in the REF (Fig. 14).
Monthly averaged TP concentrations from 2040 to 2070 were 3% higher compared with the CC
simulations alone (Table 5). Tong et al. (2012) found climate change combined with land use changes
(mostly agriculture to urban) increased TP concentrations by almost twice as much (approximately
6%).
4. Discussion
From a water quality point of view, TP is more problematic in the Altmühl watershed than NO3−-N.
The TP water quality limits were surpassed every month in the REF; this was simulated to continue
and to be exacerbated in the future. Protective water quality measures should continue to focus on
reducing TP. The CC scenarios combined with LUC simulations caused signiﬁcant additional increases
in TP loads during the growing season. All future LUC scenarios had altered ﬁeld management strategies
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Fig. 13. Concentration of SWAT simulated NO3−-N (mg/L) at the basin outlet for the climate simulations with land use change
scenarios (2041–2070; orange boxes), compared with the reference simulation (gray boxes). The red line is the water criterion
of  11 mg NO3−-N/L. The months in which the mean combined climate and land use change simulations were signiﬁcantly
different from the reference simulation are circled in orange.
(altered seeding dates, fertilizer amounts and timings, and harvesting dates) implemented in SWAT,
so that the cropland contributions from which the most mean monthly TP was lost (>0.1 kg/ha) due
to the management changes were, in ranked order: alfalfa, maize, soybean, sugar beets, rapeseed,
potatoes and summer wheat (Fig. 15). For alfalfa ﬁelds, the simulated P loads were mostly soluble P
(68%) because manure was applied. However, alfalfa occupied a small watershed area (1.5% in 2008).
For the other crops, the soluble P made up <4% of the loads. Sediment-P contributed 68–70% of the TP
loads stemming from soybean, rapeseed, and maize areas.
Maize areas were assessed to be particularly prone to nutrient losses because additional fertilizer
was mainly applied to the maize areas which increased in all of the LUC scenarios (after 30 years,
the area of maize expanded to 11,701 ha, 12,301 ha and 8649 ha in the BAU, FARM and CAP scenarios,
respectively). Subbasin 6 showed future increases in maize of >200 ha in all of the LUC scenarios.
This subbasin is located just above the Altmühl Lake, in the eastern part of the watershed, which is
the same region that contains the highest density of biofuel plants. In Germany, the energy transition
policy brought forth by the federal government in 2010 will likely be a strong driving force for growing
more biofuels, especially the production of silage corn. If so, the average N and P application rates in the
watershed may  be similar to those observed in the BAU scenario (107 kg/ha and 36 kg/ha, respectively).
The CC scenarios combined with LUC simulations demonstrated that although N is not of great
concern now, the NO3−-N loads may  exceed water quality guidelines on a monthly basis by 2050.
Given more fertilizer inputs on cropland, a longer growing season, and higher annual precipitation,
NO3−-N has a greater potential to be transported to streams (by several pathways, i.e. leaching, lateral
ﬂow, surface runoff, and throughﬂow) and to increase the concentrations throughout the year. The
overall results indicated that NO3−-N is predominantly driven by crop land use and management
changes, and it is mainly transported by groundwater ﬂow.
In most of the CC simulations from October to May, the predicted precipitation was  higher than the
historic mean, yet the streamﬂow was generally simulated to be lower compared with the REF. The
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Fig. 14. Concentration of SWAT simulated TP (mg/L) at the basin outlet for the climate simulations with land use change
scenarios (2041–2070; green boxes), compared with the reference simulation (gray boxes). The dotted line is the water criterion
of  0.05 mg  TP/L. The months in which the mean combined climate and land use change simulations were signiﬁcantly different
than  the reference simulation are circled in green.
simulated ET was higher during this period, especially during the months of December to February
which (along with the decrease in snowpack) impacted discharge negatively. This corroborated with
Wang et al. (2008) who also simulated precipitation to increase in the future but streamﬂow to
decrease in a basin in northwest China.
During months with lower streamﬂow in the future, especially the months of October-February, the
75th percentile of NO3−-N exceeded 11 mg/L. The NO3−-N in surface water, lateral ﬂow and ground-
water ﬂow contributions to the stream were higher in the combined simulations, compared to the
CC simulations alone. In the combined simulations, groundwater ﬂow contributed at least 65% of the
mean monthly NO3−-N for every crop type (average groundwater NO3−-N contribution across crops
was 90%). The lateral ﬂow contributed <6% NO3−-N and the remainder stemmed from the surface
runoff.
4.1. Uncertainties in the results
As in all modeling exercises, the results presented contain a number of inherent uncertainties. The
modeling uncertainties due to applying climate simulations in a hydrological model are related to the
greenhouse gas emission scenario; GCM structure; downscaling technique (from GCM to RCM); choice
of the hydrological model (and model structure); data input, as well as the calibration process (Poulin
et al., 2011; Wilby, 2005). The modeling exercise also has a poor representation of processes related
to extremes. For example, increases in future precipitation intensity may  contribute to more nutrients
being transported by water; however, individual storm intensity was not captured in SWAT since only
daily precipitation data was input. Also, extreme temperatures did not cause crop senescence, but
slowed their growth. A simpliﬁcation in the model was  also the effect of elevated CO2 concentrations
on plant growth and how this may  affect the soil water and nutrient balances.
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Fig. 15. Contributions of crops to mean monthly TP and NO3−-N loads (kg/ha) into the reach, as simulated by SWAT using the
land use from 2008 and the climate from 1975 to 1980, but applying future seeding, fertilizer and tillage management practices.
The  TP loads comprise the organic P transported with sediments into the reach, the mineral P sorbed to sediments, and the
soluble P in the surface runoff to the reach. The NO3−-N loads stem from the surface runoff, the lateral ﬂow to the reach, plus
the  groundwater ﬂow contribution to the reach. The percent area occupied by each land use is shown on the top horizontal
axis.
There are also a number of hypotheses in the development of the LUC scenarios. The main uncer-
tainty in spatial patterns of land uses is related to the future simulations being based on historic
patterns of change; but perhaps crops will be planted in new locations in the future.
A number of steps were undertaken in this study to reduce the uncertainties described:
• A suite of climate change simulations were applied to cover a wider range of climate model uncer-
tainties.
• The non-stationary of future climate simulations was  taken into account by applying each climate
simulation in SWAT and calculating monthly averages for each 2040–2070 period, to compare these
to the average monthly REF values from 1970 to 2000.
• Several divergent land use scenarios were developed to capture a range of potential changes. The
storylines were constructed with stakeholders to recognize the reality of cropping systems and their
management in the basin.
• A careful and thourough calibration of the SWAT model was carried out with multi-gauges and
multi-variables. The uncertainties were reported using several goodness-of-ﬁt criteria.
• All streamﬂow, NO3−-N and TP outputs simulated for the future were compared to the REF simulation
to account for the hydrological model uncertainty.
Given the precautions taken with the modeling tools and scenarios, the uncertainties shown in
the hydrological modeling performance, along with the provided standard errors in the results, and
a discussion of any statistical signiﬁcant results, we  believe this exercise provides a plausible and
robust indication of the direction and the relative magnitude of changes that may  occur in the future,
highlighting the periods of the year that are more critical for NO3−-N and TP transport in the future,
and also pinpointing the months when water quality will be particularly impacted.
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5. Conclusion
In summary, CC simulations alone increased the NO3−-N loads in the Altmühl watershed by 2050,
however CC decreased annual TP loads due to the lower streamﬂow simulated. When CC and LUC
scenarios were simulated in tandem, a signiﬁcantly ampliﬁed, negative impact on NO3−-N and TP in
the Altmühl watershed was exerted. The period of higher nutrient loads and higher in-stream nutrient
concentrations was prolonged by 2050.
Compared to the reference simulation, the CC alone simulated mean annual NO3−-N load changes
of −183 to 222 Mg  at the outlet, and impacted TP loads by −9 and 2 Mg.  When CC simulations were
combined with LUC scenarios, mean annual additional NO3−-N loads of 62–672 Mg  were simulated
at the outlet, and TP loads changed by −1 to 17 Mg.  The NO3−-N loads were more sensitive, showing
increased loads in each month coupled with high variability due to changes in fertilizer regimes. TP
loads remained high during winter (DJF) yet with an increased variability, and the summer months
(JJA) became signiﬁcant months for high TP loads.
As a result of the increased loads by 2050, in every month the water quality criteria for NO3−-N and
for TP were critically exceeded. The NO3−-N concentrations were signiﬁcantly increased throughout
the year, whereas the TP concentrations increased mostly in the fall. Although TP concentrations are
currently of greater concern in the Altmühl Lake and River, rising NO3−-N concentrations may  become
a real threat to water quality by the 2050 horizon.
The main causes for the deteriorated water quality (manifested by higher in-stream NO3−-N and
TP concentrations throughout the year) were a combination of increased annual precipitation in the
future climate simulations that enabled transport of the nutrients, and additional fertilizer inputs. In
all LUC scenarios, applied fertilizer quantities were greater than current amounts to meet the needs of
the increased biomass in the future growing season simulated. The results of this study demonstrate
the necessity to consider crop land use change in tandem with climate change to manage the impacts
on water quality in the future.
Annual row crops (maize and wheat) contributed proportionally more sedimentary P, while peren-
nials (alfalfa) contributed soluble P which was  related to the manure fertilizer applied. Reducing or
controlling runoff from crops that contributed to elevated nutrient loads under future management
regimes, such as alfalfa, maize, soybean, sugar beets, rapeseed, potatoes and wheat could reduce
non-point source pollution in the Altmühl watershed.
The vicinity located just above the Altmühl Lake was pinpointed as a hotspot for increased
maize areas. Targeting the implementation of sustainable management practices in this subbasin
is paramount to achieving positive repercussions for improved water quality in the river and in the
lake in the future.
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